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Abstract 
Microbial infection has been shown to reduce hatching success for the eggs of tropical 
birds.  In these ecosystems, humidity and temperature encourage bacterial growth and the 
transport of microbes through the pores of the egg shell.  A single study in a temperate 
ecosystem found no noticeable change of microbial communities during the length of the 
incubation cycle, and thus no increased risk of microbial infection by the time of 
hatching.  This study, however, took place in the arid Mediterranean type climate of 
California, a locale that likely diminishes the abilities of microbial communities to 
colonize and grow on egg surfaces. For this study we explored the ability of microbial 
communities to colonize and flourish on eggshells in a temperate salt marsh.  These 
temperate ecosystems possess much higher humidity and water exposure than 
Mediterranean climates, thus possessing conditions that are more conducive to microbial 
growth.  We analyzed the microbial communities of eggs from Saltmarsh (Ammodramus 
caudacutus) and Nelson's (A. nelsoni) sparrows in a tidal salt marsh in southern Maine. 
 Eggs were swabbed every three days during June and July to test for present microbial 
communities.  To determine if environmental factors affect the microbial community, we 
compared the microbial environment of eggshells that had and had not been flooded by 
the tides. We found no significant differences in the microbial communities of these 
eggshells.
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Introduction 
Microorganisms are the foundation of the biosphere, both evolutionarily and ecologically, 
and their role in the community has some effect on all organisms (Zoetendal, 2006). 
 Among birds, microbial trans-shell infection has been shown to reduce hatching success 
in eggs.  This ability to impact egg viability, however, is likely dependent on the 
ecological interactions of the microbial community on the eggshell.  Little is understood 
about how environmental factors impact the membership in egg microbe communities. 
 This study observed the microbial environment of eggs from a temperate ecosystem 
using Saltmarsh (Ammodramus caudacutus) and Nelson's (A. nelsoni) sparrows whose 
eggs are subjected to periodic tidal flooding (Gjerdrum et al., 2005), a disturbance event 
that may impact both the microbial community of the eggshell and its ability to influence 
egg viability.  We tested for differences in the microbial community of eggshells that had 
and had not been flooded by the tides.  
Limited by their size, microbes form symbiotic relations with higher organisms 
(Haygood et al., 1999).  Symbiotic relationships of microorganisms provide many 
essential nutrients to plants and animals, such as methane and nitrogen that would 
otherwise not be made available for use (Zoetendal, 2006).  These symbiotic interactions 
can occur externally or internally and may act as a mutual relationship (where both 
partners gain), a commensal relationship (where the microbe gains, but neither helps nor 
harms its host), or a pathogenic relationship (where the microbe gains at the expense of 
the host).  Due to their nature, microbial symbionts can alter host fitness by affecting its 
ability to survive, reproduce, compete, grow, or defend itself, both positively and 
negatively (Jarosz and Davelos, 1995). 
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Eggshell Bacterial Communities  
The avian egg is one example of a host affected by pathogenic microbial 
environments. Shortly after laying, eggshells become exposed to environmental 
microbes.  These microbes can multiply rapidly and penetrate through the shell pores 
(Cook et al., 2005).  The pores are responsible for all gas exchange across the eggshell. 
(Wangensteen, 1972). Microbes appear on the inner membrane after one day of exposure, 
invade the albumen after three days and reach the yolk in five days (Cook et al., 2003). 
 This horizontal transmission of bacteria into the egg is known as trans-shell infection. 
 Most frequently, gram-negative, motile and non-clustering bacteria penetrate the 
eggshell (De Reu et al., 2006). These microorganisms digest the protective shell cuticle 
and allow for microbial infection by removing the water resistant properties of the shell, 
which causes an increase in the number of open shell pores available for other microbes 
to access (Board and Halls 1973, Board et al., 1979).  While eggshell characteristics such 
as area, shell thickness, and number of pores have no influence on bacterial eggshell 
penetration (De Reu et al., 2006), bacteria do penetrate eggs with pore diameters ranging 
from 6 to 65 µm (Tyler, 1956). 
To protect against trans-shell infection, the mother and egg provide many physical 
and chemical barriers against bacteria.  The first line of defense against microbial 
infection is incubation by the mother, which reduces the presence of bacteria on the 
eggshell and changes the microbial community by inhibiting pathogenic shell microbiota 
(Cook et al., 2005).  Bacteria that can withstand incubation must then pass through the 
cuticle layer, a waterproofing agent that helps serve as a barrier for bacterial invasion, 
before passing through the eggshell (Board et al., 2003). Although the shell is mainly 
seen as a physical barrier, it also possesses many proteins with antimicrobial functions. A 
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study done by Mine et al. (2003) revealed that the shell matrix proteins may inhibit 
certain bacteria by interacting with and disrupting their membranes (Pseudomonas 
areuginosa, Bacillus cereus, Staphylococcus aureus).  
Inside the egg the albumen defends against microbial infection chemically with 
many antimicrobial proteins (Rose et al., 2003).  Two of the most abundant antimicrobial 
proteins found within the shell and albumen are lysozyme and ovotransferrin (Wellman-
Labadie et al., 2007).  Lysozyme specifically targets the cell wall of gram positive 
bacteria by hydrolyzing the thick peptidoglycan layer (Hughey et al., 1987). Gram 
negative bacteria are not easily degraded by lysozyme because their peptidoglycan wall is 
protected by an outer lipopolysaccharide layer. Lipopolysaccharide binds to lysozyme 
and reduces the enzymatic activity of the lysozyme to degrade peptidoglycan (Ohno et 
al., I989). Ovotransferrin mainly causes iron deprivation and prevents bacterial growth 
(Baron et al., 1997), but it also causes cytoplasmic membrane disturbance, which 
interferes with normal biological functioning of the bacteria (Aguilera et al., 2003). 
While some bacteria are more successful than others at infecting the egg, which microbes 
are available for infection are determined by the community of microbiota on the 
eggshell itself. The eggshell microbiota, in turn, is determined by the microbial species it 
is in contact with: species that reside in the saltmarsh habitat and the mother’s natural 
flora. 
Nelson’s and Saltmarsh Sparrows’ Breeding Habitat 
The Nelson's and saltmarsh sparrows are two of a few passerines (perching birds) 
that nest in salt marshes along the northeastern United States and Canadian coast 
(Greenlaw and Rising, 1994; DiQuinzio et al., 2001; Hodgman et al., 2002). Since salt 
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marshes are located along the coast and at the mouths of large rivers, their inhabitants are 
considered to be especially vulnerable to pollution, habitat change due to development, 
and sea-level rise (Adam, 1990).  Due to these risks, very few ground-nesting passerines 
breed in tidal marshes (Teal, 1986).  These marsh habitats are usually dominated by 
native vegetation, such as saltmarsh cord-grass (Spartina patens), smooth cordgrass (S. 
alterniflora), and black grass (Juncus gerardi) (Woolfenden, 1956, Reinert and Mello, 
1995, Brawley et al., 1998, Benoit and Askins, 1999, Shriver et al., 2004). These two 
species of birds select nesting sites with deep accumulation of dead plant material 
(Shriver, 2002), higher relative elevations (Shriver, 2002, DiQuinzio et al., 2002), and 
taller vegetation (DiQuinzio et al., 2002).  Both species are promiscuous breeders; males 
do not defend territories or provide parental care and females solely incubate the eggs 
(Woolfenden, 1956; Post and Greenlaw, 1982; Greenlaw and Rising, 1994).  
Although these species build their nests in higher elevations within the marsh, 
these elevations are still not sufficient to avoid flooding during the highest tides 
(Gjerdrum et al., 2005; Shriver et al., 2007). These unusually high flood tides occur 
every 26–28 days during the lunar tide cycle and reduce reproductive success by 
destroying active nests (Johnston, 1956; Montevecchi, 1978; Meanley, 1985). In two 
separate studies on saltmarsh and Nelson's sparrows, flooding accounted for the majority 
of nest failure (Gjerdrum et al., 2005 and Shriver et al., 2007). These flooding events 
synchronize female nesting behavior across the marsh because nest losses and subsequent 
re-nesting events occur at the same time (Shriver et al., 2007). Compared to Nelson's 
sparrows, saltmarsh sparrow females are more tightly synchronized with the tidal cycle 
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and usually initiate nesting within three days after a flood tide, which leads to higher nest 
success in saltmarsh versus Nelson’s sparrows (Shriver et al., 2007).  
Saline Environment Microbiology 
Saline habitats (such as a saltmarsh) are frequently inhabited by an abundance of 
microbial communities adapted to these ecosystems (Zahran, 1997). These bacteria play a 
major role as important and dominant inhabitants of saline and hypersaline environments. 
The bacterial communities in saline environments usually include extreme (halophilic) 
and facultative (halotolerant) bacteria. Halotolerant bacteria may also include non-saline 
bacteria, which have become adapted to these extreme environments. Gram-negative 
bacteria appear to be much more frequent in saline environments (Ventosa et al., 1982 
and Del Moral et al., 1987). Gram-positive bacteria are represented in saline habitats, and 
members of the genera Bacillus and Micrococcus are dominant among other Gram-
positive bacteria in saline soils. These spore-forming bacilli are usually moderate or 
extreme halo-alkaliphiles. (Zahran et al. 1992). 
Bacteria living in an environment with high salinity must cope with a number of 
stresses, especially ionic stress (Galinski and Truper 1994) due to osmoregulatory 
challenges across the cell membrane (Imhoff and Thiemann 1991; Thiemann and Imhoff, 
1991). The adaptation to osmotic stress requires the maintenance of osmotic equilibrium 
by establishing a cytoplasmic osmolarity similar to the surrounding medium (Larsen, 
1986; Truper and Galinski, 1986). Bacteria living in saline environments have adopted 
two strategies for osmoadaptation: the KCl type and the compatible solute type. (Galinski 
and Truper, 1994). In the KCl mechanism the bacteria maintain a cytoplasmic KCl 
concentration that is similar to that of the surrounding medium to obtain osmotic 
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equilibrium. For the compatible solutes mechanism the bacteria keep their osmolytes 
responsible for metabolism and osmotic balance at concentrations above 1M in the 
cytoplasm (Galinski and Truper, 1994). It has been hypothesized that osmolytes have two 
modes of action under saline conditions: first to increase the intracellular osmotic 
strength, and second to stabilize cellular macromolecules. These osmolytes are 
sometimes referred to as osmoprotectants. (Csonka and Hanson 1991; Lippert and 
Galinski 1992). Bacteria that do not usually grow in saline environments may also exhibit 
cell morphological modifications in high salt stress. These modifications include 
swelling, elongation and shrinkage, which aids in reducing the cell volume. (Zahran, 
1997).  
Avian Microbiology 
Although few studies have observed natural flora of wild avian species, a study 
conducted in 1988 tested 364 passerines and woodpeckers for the presence of common 
bacteria and found the following community members: Escherichia coli (1%), 
Pseudomonas spp. (22%), Salmonella spp.(0%), Staphylococcus spp. (15%), 
Streptococcus spp. (18%), and Yersinia spp. (1%) (Brittingham et al., 1988). More 
recently studies have been conducted on feather degrading bacteria in response to the 
pollution of poultry feathers. Most of the keratin (which constitutes ninety percent of a 
feather’s mass: Onifade et al., 1998) degrading microorganisms reported belong to the 
genera Bacillus (Brandelli, 2008; Lin et al., 1999; Kim et al., 2001; Bressolier et al., 
1999). Keratin is difficult to degrade because the polypeptide is densely packed and 
strongly stabilized by several hydrogen bonds and hydrophobic interactions, in addition 
to several disulfide bonds (Brandelli, 2008). In order to breakdown keratin the bacteria 
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must be able to produce keratinase. Most of the keratin degrading microorganisms 
reported belong to the genera Bacillus (Brandelli, 2008; Lin et al., 1999; Kim et al., 
2001; Bressolier et al., 1999). A study done on swamp sparrows, that compared the 
abundance of feather degrading bacilli between the sparrows in a tidal marsh to those in 
inland freshwater marshes, found that the coastal swamp sparrow had a much higher 
abundance of feather degrading bacilli than the inland swamp sparrow (Peele et al., 
2009). 
Objective and Hypotheses 
Microbial communities are known to change along a number of environmental 
gradients including temperature (Ratkowsky et at., 1982), salinity (Herlemann et al., 
2011), and moisture (Yeager, 1981). Given the ability of abiotic conditions to alter 
microbial communities, we expect that eggs in certain environments are more prone to 
trans-shell infection than others.  In tropical ecosystems, for instance, humidity and 
temperature encourage bacterial growth and the transport of microbes through the pores 
of the eggshell (Cook et al., 2003).  Whereas a similar study conducted in a dryer, cooler 
environment found no noticeable effect of microbial infection on egg viability (Wang et 
al., 2011).  
This purpose of this study was to observe the microbial inhabitants of eggshells 
from a temperate ecosystem using Saltmarsh (A. caudacutus) and Nelson's (A. nelsoni) 
sparrows who construct their nests in a tidal salt marsh in southern Maine, an 
environment that possesses characteristics that promote microbial growth.  To determine 
if the flooding, caused by the high monthly tide, would affect the microbial egg 
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community, we compared the microbial environment of eggs that had and had not been 
flooded by the tides.  
We hypothesized that salt water would have one of four effects on the microbial 
communities of eggshells:  (1) flooding would increase the abundance of microbes on the 
eggshells because the presence of water promotes microbial growth (Board and Halls, 
1973), and the decrease in temperature caused by flooding would decrease antimicrobial 
enzymatic activity (Board and Tranter, 1986); (2) Flooding would have no effect on 
microbial communities on the eggshell because salt marshes are saline habitats, which are 
frequently inhabited by bacterial communities that are adapted to these halophilic 
ecosystems (Zahran, 1997); (3) Flooding would decrease the abundance of microbes on 
the eggshells because the microbes will exhibit hyperosmotic shock, which causes 
shrinkage of the cytoplasmic volume or plasmolysing of the cell.  This process occurs 
when the environment of the microbe increases in osmolarity compared to the interior 
osmolarity of the cytoplasm, (Csonka, 1989); (4) Flooding would cause a change in 
microbial diversity because some microbes would be more tolerant to halophilic 
environments than others.	  
Methods 
Study Site 
This study was conducted within two marshes in Scarborough, Maine 
(Scarborough and Jones Creek Marshes Figure 1) during two months of the saltmarsh and 
Nelson’s sparrow breeding season (June and July) in 2013.  In the marsh, each nest found 
was marked with a numbered flag, positioned one meter away.  Temperature was 
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measured at each nest using Maxim iButtons; (hereafter as “iButtons”) to determine nest 
flooding. 
Egg Microbial Sampling 
We sampled bacteria on each egg by swabbing half of the egg with a sterile swab, 
moistened with sterile phosphate buffered saline solution (PBS).  The side of the egg 
swabbed was marked with a permanent marker and the unmarked side was swabbed 
during a later visit.  During each nest visit we swabbed half of two different eggs.  Nests 
were visited every two to three days during incubation, which allowed us to sample the 
entire clutch throughout the 12-day incubation phase, assuming a mean clutch size of four 
eggs.  After taking the sample, the swab was placed in a sterile tube containing 0.5 ml of 
sterile glycerol PBS/(0.05% Tween 80/15% glycerol) which we placed in a cooler on ice 
(Wang et al., 2011).  Samples were frozen for later use once we were out of the field.  
Choosing Samples 
To determine if a nest was flooded, we examined iButton data for each nest 
(Figures 2 and 3). A rapid drop in temperature, corresponding to the timing of a high tide, 
was defined as a flooding event (Gjerdrum et al., 2008).  The swabs from nests collected 
before flooding were compared to the swabs collected after flooding.  We also chose to 
compare nests that did flood, with the nests that did not flood (hatch and non-hatch in 
both conditions).  The non-flooded swabs were chosen on corresponding dates to the non-
flooded swabs with the flooding event (+/- 7 days).  This served as a time control to 
minimize the bias of a changing microbial community.   
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Bacterial Morphology 
Samples were spread onto nutrient agar and incubated for 72 hours at 35 ºC (to 
mimic the average incubation temperature of incubating sparrows).  Colony forming units 
(CFUs) and percent coverage were noted for each plate.  We first identified all bacteria 
present using morphological characteristics.  Each colony was placed into a type using 
the following characteristics: whole shape of colony, size of colony, edge/margin of 
colony, chromogenesis (color) of colony, opacity of colony, elevation of colony, surface 
of colony, and texture of colony.  
Bacterial Identification 
The most abundant types of bacteria from the samples were re-plated onto new 
nutrient agar plates to form pure colonies.  These pure colonies were removed from the 
plate with 200 µl of PBS and transferred to 1.5 ml eppendorf tubes for DNA extraction. 
 The DNA was extracted using a Qiagen® Blood & Tissue Kit.  The 16s rDNA gene was 
amplified from these samples using PCR (Table 1a. and 1b.). We analyzed our results 
from PCR using gel-electrophoresis and identified our 16s rDNA band at 1.5-1.6 kB 
(Figure 7).  We removed our samples from the gel using a QIAquick® Gel Extraction Kit 
and sent our samples to the UMaine sequencing lab for sequencing and editing.  These 
sequences were identified to the genus level using the National Center for Biotechnology 
Information (NCBI) Basic Local Alignment Search Tool (BLAST) 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). BLAST is an algorithm for comparing primary 
biological sequence information, in this case nucleotides of sequenced DNA (Altschul et 
al., 1990).  This search allows for a sequence of DNA to be compared with a database of 
sequences, which will identify library sequences that resemble the unknown sequence.	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Statistical Analysis 
For this experiment, eggshells were classified into one of three treatments: 
flooded and failed, not flooded and hatched, and not flooded and failed (we did not 
collect any eggshell samples that came from nests that flooded and hatched).  We 
compared the microbial communities of flooded eggs with two types of non-flooded eggs 
to eliminate hatching success as a variable that affected microbial communities because 
there were eggs that did not flood and hatched and eggs that did not flood and failed. We 
used unpaired, two-tailed t-tests to compare the difference (before and after flooding 
event) in microbial community for each of these treatments.  Microbial communities of 
eggshells were compared by: CFUs per sample, percent microbial coverage per sample, 
and microbial diversity per sample.  We compared the diversity of each sample using the 
Shannon’s Index.  This diversity index is a mathematical measure of species diversity in 
a community (Shannon, 1948). We used this test to measure species richness and species 
abundance for each sample. 
Results 
Microbial contamination of shell surface 
We examined the eggshell surface after incubation for presence of 
microorganisms on 38 eggs from 19 clutches from 2 separate sites.  We compared 11 
clutches that flooded and failed with 4 clutches that did not flood but failed (due to 
predation) and 4 clutches that did not flood and hatched.  Microbes were evident on 
100% of the eggs from each type of nest.  The difference in percent microbial coverage 
of the plates was not significant between the two marsh sites (N=19, t =1.2, df = 9.3, 
p=0.26). The percent coverage of microbes present on plates did not differ between those 
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that flooded and did not hatch and those that did not flood and hatched (Figure 4a). There 
was also no difference between those that flooded and those that did not flood and failed 
(Figure 4b). The difference in colony forming units (CFUs) between flooded and not 
flooded and failed eggshells was not significant (N=15, t=0.05, df = 13, p=0.96). The 
difference in CFUs between flooded and not flooded and hatched was also not significant 
(N=15, t=0.18, df=13, p=0.86) (Figure 5).  
Using morphological characteristics, we identified 22 different types of bacteria 
growing on nutrient agar from the 38 samples.  Comparing the two sites we found no 
difference in species composition between Jones marsh and Scarborough marsh (N=19, 
t=0.7, df=14.3, p=0.49).  There was also no difference found in community composition 
between eggs that flooded and eggs that did not flood and hatched (Figure 6a), nor was 
there a difference found between the eggs that flooded and did not hatch and the eggs that 
did not flood and failed (figure 6b).  
Microbial Sequence Identification 
Of the 22 types of bacteria found on our plate samples (Table 2), 14 types were 
sequenced and identified (Tables 3 & 4). Of the 14 samples, 2 were identified as 
Paenibacillus spp., 5 identified as Staphylococcus spp., and 7 identified as Bacillus spp. 
Discussion 
 
A crucial precondition for microbial trans-shell infection is the presence of 
bacteria or other pathogens on the shell surface (Board and Tranter, 1986).  The purpose 
of this experiment was to observe and compare the microbial communities of two types 
of eggshells (flooded and non-flooded).  We predicted that if a nest flooded with salt 
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water, we would observe at least one type of change in the microbial community of the 
eggshells (increase in microbial abundance, decrease in microbial abundance, or change 
in microbial diversity).  Our results did not support this hypothesis, and we did not 
observe any significant change in the microbial communities of eggshells from before 
and after flooding.  Without additional, more in-depth research, no link can be made 
between salt water flooding and a change in the microbial community of Nelson’s and 
saltmarsh sparrow eggs.  
Our first major finding was that neither the percent microbial coverage of the 
bacterial plate nor the number of colony forming units (CFUs) per eggshell significantly 
increased from before and after flooding.  We originally predicted that flooding would 
increase the bacterial coverage of eggshells because water has been shown to increase 
microbial growth on eggshells (Cook et al., 2004).  This result could have occurred due 
to continued incubation by the female after flooding.  
Unlike other trans-shell infection studies (Cook et al., 2003, 2004, 2005, and 
Wang et al., 2011), our research did not use incubation as a variable and we did not 
remove any eggs from their natural environment.  Using iButton data we confirmed that 
even though the nests flooded, the mothers continued to incubate their nests once the tide 
receded.  Incubation decreases water presence on the egg and has been shown to 
minimize the growth of pathogenic and cuticle digesting microorganisms: fungi and gram 
negative bacteria (Cook et al., 2005).  The heat from incubation also increases the 
internal temperature of the albumen to levels at which antimicrobial enzymes function 
optimally (Board and Tranter 1986). In the 2005 study done by Cook et al., they showed 
that the incubation by thrasher (another passerine bird) females reduced bacteria on the 
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eggshells and moved the community towards a more benign composition.  Besides 
reducing the presence of water on eggshells, incubation is also believed to prevent 
microbial presence on eggshells because the female parent’s brood patch inoculates the 
shells with antibiotic agents such as preen gland oils or other epidermal fatty acids (Jacob 
1978; Menon & Menon 2000; Shawkey et al., 2003), or with protective microbial species 
(Baggot & Graeme-Cook 2002).  Although the eggs that flooded were exposed to 
elements that are known to increase microbial growth, the mother continued to incubate, 
which therefore may have prevented a significant change in the microbial communities 
between flooded and non-flooded eggshells.  
Our second major finding was that the diversity of species on the eggshells did 
not vary between flooded and non-flooded treatments.  We hypothesized that the salt 
water would cause a change in the diversity because halophilic conditions cause 
plamolysis of bacterial cells walls that are not salt tolerant (Zahran, 1996).  Although our 
results showed no significant difference between the microbial diversity of eggshells that 
flooded and eggshells that did not flood, this may indicate that the species of bacteria 
inhabiting the eggs were mostly salt tolerant.  
In these marshes salt water floods every 26 to 28 days (Gjerdrum et al., 2005 and 
Shriver et al., 2007), therefore the species of bacteria inhabiting must be able to tolerate 
increases in salinity to survive (Zahran, 1997).  Since these sparrows inhabit the 
saltmarsh during their breeding season, their bodies and nests are constantly in contact 
with bacteria that reside within this halophilic environment. If the bacteria living on the 
eggshell consist mainly of the halotolerant bacteria that live within the saltmarsh, it 
would be expected that the saltwater flooding would not affect their viability.  
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Of the 22 DNA samples extracted from pure colony samples, only 14 amplified 
after PCR. These samples may not have amplified during PCR for a number of reasons. 
One reason may be that there was an error during the DNA extraction or PCR that 
prevented the samples from amplifying. Another reason could be that the samples were 
not all bacterial species. During PCR we used 16s rRNA primers which only work with 
bacterial species to replicate the 16s rRNA gene. If any of the samples were non-bacterial 
samples they would not have amplified because only bacteria contain the16s rRNA gene. 
Since previous research has shown that fungal species are able to infect the eggshell, 
future research should test for fungal species that are present on the eggshell. 
Although this research focused primarily on the pathogenicity of eggshell 
microbiota, the species of bacteria found on eggshells may alternatively be commensal or 
mutualistic. These species may inhabit the eggshell without trans-shell infecting 
(commensal) or they may prevent certain species from inhabiting the eggshell that are 
known to be pathogenic (mutualistic). The species identified from the samples were all 
gram positive. This could potentially mean that only gram-positive species grow on 
eggshells in a saltmarsh, or it could mean that gram-positive species prevent gram-
negative species from colonizing on eggshells. In order to test their role in this 
environment it would be necessary to grow these species on eggshells and observe how 
they colonize and interact with other species of bacteria. If it were discovered that gram-
negative species do not inhabit the eggshells of saltmarsh and Nelson’s sparrows it would 
reinforce our hypothesis from this study: trans-shell infection does not reduce the 
hatching success of sparrow eggs in a Maine temperate saltmarsh.  
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The most frequent type of bacteria identified from the samples were species of the 
genus Bacillus. One of these species was Bacillus weihenstephanensis. B. 
weihenstephanensis is a soil-dwelling, gram positive rod-shaped bacterium that can be 
found in various climatic zones (Lechner et al., 1998 and von Stetten et al., 1999). B. 
weihenstephanensis is a bacterial strain belonging to the Bacillus cereus group. In 1998, 
B. weihenstephanensis was suggested as a new species on the basis of sequence 
differences in ribosomal RNA genes and cold-shock protein genes (Lechner et al., 1998). 
This species is known to be psychrotolerant, meaning that it optimally grows at 7 °C or 
below (Lechner et al., 1998), a characteristic that is likely to make trans-shell infection 
unlikely given an incubating female and nest temperatures above 30 °C. Although this 
bacteria only varies by a couple nucleotides in the 16s rDNA from other species within 
the B. cereus group, it can be rapidly identified using recombinant DNA or cold shock-
protein A (cspA) targeted PCR (Lechner et al. 1998).  
Another type of species within the Bacillus genus found in the samples was 
Bacillus megaterium. B. megaterium is a gram positive, spore-forming bacterium that is 
easily recognized by its large size of vegetative cells and spores. This species of 
bacterium can be found in a wide range of ecological habitats. It is generally considered 
to be a soil organism, but can be found in diverse environments such as rice paddies, 
dried food, seawater, sediments, fish and normal flora of humans (Vary, 1994). This 
bacterium produces important enzymes such as penicillin amidase and steroid hydrolases. 
It is the major aerobic producer of vitamin B12, and is one of the organisms involved in 
fish spoilage (Vary, 1994). Although this species is classified within the B. subtilis group, 
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it is more closely related to the B. cereus group by 16s rRNA sequence analysis (Ash et 
al., 1991 and Priest, 1993).  
The last type of species within the Bacillus genus found in the samples was 
Bacillus toyonensis. B. toyonensis is a gram positive, spore forming bacteria that was 
initially classified as B. cereus, until genomic analysis confirmed that it was a different 
strain within the Bacillus cereus group. B. toyonensis is found in a wide array of 
environments and has recently been used as a probiotic for swine, poultry, cattle, rabbits 
and aquaculture (Jiménez, 2013). 
We can hypothesize that these types of Bacilli came into contact with the eggshell 
from one of three places: the mother’s feathers during incubation, the sea water from 
flooding, or the dead vegetative material used for building the nest. A way to test for this 
would be to sample the water in the marsh and to swab the mother and the nest to test for 
the presence of these bacteria.  It would also be reasonable to suggest that these bacteria 
may produce keratinase because bacteria of the genus Bacillus are the most common 
bacteria that degrade feathers (Brandelli, 2008; Lin et al., 1999; Kim et al., 2001; 
Bressolier et al., 1999). A way to test for keratinase activity and production would be to 
test these different species of Bacilli on feather agar (Cai et al., 2008). While the 16s 
rRNA sequencing can match sequence data closely with matching species, 16s rRNA is 
known to lack resolution between highly related organisms (Fox et al., 1992). Since all of 
these bacteria are closely related to the B. cereus group another form of identification 
should be done to confirm their identity.  
Another genus of bacteria found within the samples was Paenibacillus. 
Paenibacillus are gram positive straight rods with a central endospore. Paenibacillus are 
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found in a large number of environments such as the gut of earthworms (Horn et al, 
2005), in industrial wastewater (Meehan et al. 2001), and feathers of crested and least 
auklets (Paul et al., 2013). Although most of the keratin degrading microorganisms 
belong to the genera Bacillus (Brandelli, 2008), Paenibacillus is a keratinase producer 
and has feather degrading ability, which was observed in a study on chicken feather 
degradation (Paul et al., 2013). We can hypothesize that this bacteria transferred from the 
mother's feathers onto the egg because this bacteria has been found on feathers of other 
avian species. If this species is found on the feathers of female sparrows, it may be one 
type of bacteria responsible for feather degradation. This theory can be tested by 
swabbing the mother’s feathers to test for the presence of these bacteria. Keratinase 
activity and production could again be tested using feather agar.  
The last types of bacteria found within our samples were from the genera 
Staphylococcus. Staphylococci are ubiquitous in the environment and are found on the 
skin of most warm-blooded animals (Mitschlerlich and Marth, 1984). One species found 
within our samples was Staphylococcus pasteuri. S. pasteuri is a gram positive bacterium 
that optimally grows at 15 to 45 °C and can grow in salinities up to 15% (Chesneau et al., 
1993). This species of staphylococci is distinguished from all the others by the production 
of yellow pigment and the resistance to lysostaphin (Chesneau et al., 1993). We can 
hypothesize that Staphylococci bacteria came into contact with the eggshell from the 
mother’s skin while incubating the egg. A way to confirm this would be to swab the 
mother’s skin to test for the presence of staphylococci bacteria.     
Although this study did not focus on the mechanics of trans-shell infection, future 
studies would need to be done to observe how flooding affects the pores of sparrow 
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eggshells.  The tide only covers the eggshell for a few hours, but salt crystals may form in 
the pores, after the water evaporates, preventing gas exchange from occurring.  If 
saltwater flooding did cause salt crystal formation on the eggshell, it would affect gas 
exchange across the eggshell and may be a cause of decreased hatching success due to 
flooding (Wangensteen, 1972).  In order to test for salt crystal formation in the pores, 
eggshells could be observed under a scanning electron microscope.  While observing the 
eggshell, it would also be important to look at the porosity of the eggshell because the 
type of pore may control how readily bacterial penetration takes place (Board & Fuller, 
1994). 
Originally we planned to use community sequencing for microbial analysis, a 
method that would identify all types of microbes present in a sample, but this did not 
happen due to unexpected drawbacks and time constraints.  Our initial trial with 
community sequencing did not work because the samples were too dilute.  Although 
another method of sample extraction was attempted for community sequencing, our 
second trial did not return any positive results either.  As an alternative we used a nutrient 
agar, a non-selective media, to grow our samples. While this agar allows for most types 
of bacteria to grow, this agar cannot grow fastidious species (species that require extra 
nutrients in order to grow) or anaerobic species (bacteria that cannot grow in the presence 
of oxygen) (Difco & BBL manual, 2003). There may have also been bacteria in the 
samples that did not grow in the laboratory because the bacterial plate did not replicate 
essential aspects of their environment (nutrients, pH, osmotic conditions, temperature, 
microbial symbionts and many more) necessary to grow (Stewart et al., 2012).  Since 
nutrient agar does not allow for all types of bacteria to grow, we may not have observed a 
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change in diversity or abundance because the media did not permit growth for the types 
of bacteria that were or were not affected by salt water.  Growing our samples on a 
selective media would have been advantageous compared to nutrient agar because we 
could have chosen a media for types of bacteria that are known to influence trans-shell 
infection such as MacConkey agar, which selects for gram negative bacteria (Cook et al., 
2004).    
In the future, steps should be taken to improve this research. First it would be 
crucial to increase the test sample size.  Although we sampled over 400 eggs in the 
summer, only a small portion of these eggs were analyzed due to time and money 
restrictions, therefore the sample size used for this research was not large enough to 
possess the statistical power necessary to detect small differences in the microbial 
community.  Secondly, it would be necessary to improve the method of bacterial 
community analysis.  This could be achieved using a selective media, which would only 
allow species to grow that are known to cause trans-shell infection, or it could be 
achieved using community sequencing, which would analyze the entire community for 
each sample.  Lastly, in order to confirm that trans-shell infection is or is not occurring, it 
would be necessary to open some eggs and test the different layers for the presence of 
microbes.  Without direct evidence for trans-shell infection there is no way to support the 
supposition that difference in microbial communities, if detected, are important for egg 
viability in saltmarsh and Nelson’s sparrows’ eggs.  
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TABLES 
Table 1  
a. PCR Cocktail mix for 25 µml reactions 
CONCENTRATIONS REAGENTS 
12.5 µl Qiagen® Master PCR MIX 
1.25 µl Integrated DNA Technologie® 16s rRNA Forward Primer  
(5’ AGA GTT TGA TCC TGG CTC AG) 
1.25 µl Integrated DNA Technologie® 16s rRNA Reverse Primer 
(5’ AGA GCT ACC TTG TTA CGA CTT) 
5 µl  Nuclease Free Water 
5 µl Extracted Bacterial DNA 
 
b. PCR Protocol for 16s rDNA amplification 
PCR STEPS TIME and CYCLES TEMPERATURE 
Initial activation step  3 min  95°C 
 3-step cycling       
 Denaturation  30 s  95°C 
 Annealing  30 s  50°C 
 Extension  1 min/kb  (90s for 1.5 kB)   72°C 
 Number of cycles  35 cycles  
 End of PCR cycling  Indefinite  4°C 
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Table 2 
Bacteria types and CFU abundances calculated by morphological characteristics. 
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Table 3  
Sequences of 16s rDNA  
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Table 3 (Continued) 
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Table 3 (Continued) 
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Table 4  
Sequences identified using Nucleotide BLAST  
 
Sequence Description Sequence 
Alignment 
Sample Picture 
A Paenibacillus spp. 99.00% 
 
B Bacillus weihenstephanensis 99.00% 
 
C Staphylococcus pasteuri 99.00% 
 
D Staphylococcus spp. 99.00% 
 
E Bacillus megaterium 99.00% 
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Table 4 (Continued) 
F Bacillus spp. 99.00% 
 
G Staphylococcus pasteuri 99.00% 
 
H Staphylococcus spp. 99.00% 
 
I Staphylococcus spp. 99.00% 
 
J Bacillus spp. 99.00% 
 
K Bacillus toyonensis 99.00% 
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Table 4 (Continued) 
L Bacillus megaterium 99.00% 
 
M Bacillus weihenstephanensis 99.00% 
 
N Paenibacillus taichungensis 99.00% 
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FIGURES 
	  
Figure 1 
Scarborough marsh sites. For this study egg shell swabs were collected from nests located at the Jones 
Creek (JO) and Scarborough (SC) sites.   
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Figure 2  
Sample iButton Graph: Not Flood/Hatch 
 
Figure 3  
Sample iButton Graph: Flood/Not Hatch
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Figure 4
a. Compares the difference in percent 
microbial coverage of plates from 
samples that flooded and did not hatch 
with samples that did not food and did 
not hatch (N = 15, t = -0.3, df  = 3.2, p = 
0.79).    
b. Compares the difference in percent 
microbial coverage of plates from 
samples that flooded and did not hatch 
with samples that did not flood and 
hatched (N = 15, t = 0.7, df = 5.2, p = 
0.48)
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Figure 5 
Compares the colony forming units (CFUs) of eggshells before and after the flooding event for each of the 
three treatments. Flood/Fail compared with No Flood/Fail (N=15, t=0.05, df = 13, p=0.96). Flood/Fail 
compared with No Flood/Hacth (N=15, t=0.18, df=13, p=0.86). 
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Figure 6
a. Compares the difference in microbial 
diversity of samples that did not flood 
and hatched with samples that flooded 
and did not hatch (N=15, t =-0.04, 
df=4.2, p=0.97). 
 
b. Compares the difference in microbial 
diversity of samples that flooded and 
did not hatch with samples that not 
flood and did not hatch (N =15, t=-1.1, 
df =3.9, p=0.49). 
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Figure 7 
Gel from PCR amplification of 16s rRNA gene.  
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